Introduction
[2] The Northwestern Slope Valleys (NSVs), west of the Tharsis volcanic rise on Mars, have been described as probable catastrophic flood channels [Dohm et al., 2000] . Because they dwarf the water-carved circum-Chryse channels in depth, width and estimated discharge, the floodchannel hypothesis has major implications for the hydrology of Tharsis [Dohm et al., 2001] , and entails a filling timescale of order weeks for the smooth northern plains, which may have played host to an ocean in the past. However, sourcing and sustaining the required peak discharges is problematic, warranting consideration of alternative hypotheses such as ice action or wind. Here we test the ice hypothesis; our work does not exclude a role for wind action, previously proposed to have shaped the ridges and valleys of this region [Ward, 1979] .
[3] The NSVs lie between the largest, eastern lobes of finely-layered deposits termed the Medusae Fossae Formation (MFF), which straddle the equator. These deposits mantle the hemispheric dichotomy boundary scarp ( Figure 1a ) which divides southern cratered uplands from smooth northern plains, and the lobes of the MFF rise above the level of the southern highlands. The enigmatic MFF materials have been interpreted as tuffs [Hynek et al., 2003] , ignimbrites [Scott and Tanaka, 1982] , platform carbonates [Parker, 1991] , loess, windblown dust [Tanaka, 2000] , ice sheet deposits [Schultz and Lutz, 1988] , or some combination. The Amazonian or perhaps latest Hesperian MFF lobes, and underlying materials, are bounded by the NSVs.
[4] Mars' obliquity varies with periodicity 125 kyr and amplitude generally <5°about a mean (8, 25°since 5 Mya).
8 is subject to steplike chaotic transitions, most recently from 35°to 25°$ 5 Mya, and almost certainly exceeded 45°once or more during the last 4 Gyr [Laskar et al., 2004] . General Circulation Models (GCMs) indicate equatorward migration of water at 8 ! 40° [Mischna et al., 2003] , precipitating to form an equatorial ice necklace. Orographic precipitation from ice clouds on the western flank of Tharsis would be expected to seed a large ice sheet, and the formation of ice deposits on Tharsis seems a robust result from all GCMs [Mischna and Richardson, 2006] .
[5] Landforms resembling retreat moraines suggest coldbased Late Amazonian mountain glaciers on the NW flanks of some of the volcanoes that crown the Tharsis massif [Scott and Zimbelman, 1995; Forget et al., 2006] . Ice sheet modelling is being used to help synthesize these observations [Shean et al., 2007] .
[6] As an alternative to the catastrophic-flood hypothesis for the NSVs, and in view of the increasingly strong evidence for high-obliquity ice ages, we use terrestrial analogues and an ice-sheet model to make the case for partly warm-based, much more voluminous ice sheets in earlier (latest Noachian -Early Amazonian) times, extending down the western flank of the Tharsis rise into the NSVs, discharging into Amazonis Planitia and limning Olympus Mons. The ice-sheets we model were of volume were of volume more than three times greater than that of Mars' present day polar caps, and possibly well over half the size of the Laurentide ice-sheet at the Last Glacial Maximum (LGM).
Comparison With Terrestrial Palaeo-Ice-Sheet Landscapes
[7] High-quality orbitally-acquired topography is now available for Earth at latitudes between 56 S and 60 N (from C-band interferometric synthetic aperture radar [Rabus et al., 2003] ) and Mars (from laser altimetry [Smith et al., 2001] ), allowing analogous landscapes to be compared in some detail. Shuttle Radar Topography Mission data shows that certain Pleistocene subglacial landscapes on Earth, such as the Straits of Magellan region, Argentina/ Chile [Rabassa and Clapperton, 1990] , and Manitoba Escarpment, Canada [Fenton et al., 1994] , resemble the NSV region at 10-1000 km scales (Figure 1) .
[8] Both terrestrial and martian landscapes have very wide, straight, smooth-floored, steep sided, subparallel troughs with sharp margins, separated by lenticular or teardrop-plan lobes, which are elevated above surrounding terrain. The lobes and troughs are oriented parallel to regionally steep long-baseline tilts, which slope away from planetary topographic highs. The Martian lobes have 2 -3 times greater relief, and are also situated on a 2 -3 times steeper long-baseline tilt. Ice-sheet reconstructions for the Early Pleistocene show the Bahía Inútil and Magellan Strait lobes of the Patagonian Ice Sheet extending near the edge of the continental shelf, streamlining their channels down to the present coastline [Rabassa et al., 2000] . On the Manitoba Escarpment, the Laurentide ice sheets amplified pre-existing topography by widening river valleys, creating broad troughs, and preferentially depositing drift on pre-existing highs. Detailed isopach maps of the Western Canada Sedimentary Basin [Fenton et al., 1994] show that till thickness is 200-300 m on the lobes, and <50 m in the troughs. These data show that ice-sheet processes more than doubled preQuaternary relief on the Manitoba Escarpment. Field mapping suggests that the troughs and lobes of the Straits of Magellan region and Manitoba Escarpment were defined by fast-flowing ice at or near the pressure melting point. These features can appear whether ice is incising into soft or hard material. If morphologically similar landforms are assumed to be formed in essentially the same manner on different planetary surfaces, this would suggest palaeo-ice streaming in the NSVs. If this hypothesis is correct, an ice sheet model with boundary conditions appropriate for high-obliquity Mars should yield ice streams in and only in the NSVs.
Model Description and Inputs
[9] We use a thermo-mechanically coupled ice-sheet model [Hindmarsh, 2001] with shallow ice approximation mechanics on a grid with size 1 = 2°Â 1 = 2°a t the equator. The domain is sufficiently large that the ice-sheet never reaches the boundary. Inputs are basal topography, mean annual accumulation/ablation rate, surface temperature and areothermal heat flux.
[10] Net annual water-ice precipitation is derived from the last 3 simulated years of output from the Geophysical Fluid Dynamics Laboratory Mars GCM (8 = 45°, resolution 5°Â 6° [Mischna et al., 2003] ), interpolated to ice-sheet model resolution. The zonal distribution of ice is sensitive to the settling rate of water ice particles [Mischna and Richardson, 2006] . An intermediate rate is used, yielding a zonal distribution dominated by orographic precipitation on the W flank of Tharsis and with a maximum accumulation rate of $50 mm/a (Figure 2a) , in good agreement with the Laboratoire de Météorologie Dynamique model [Forget et al., 2006] .
[11] The pattern of accumulation is held constant during ice sheet growth. This is an oversimplification for terrestrial ice-sheets as increasing land surface elevation (through ice sheet growth) disfavours precipitation on land versus the ocean. Mars lacks oceans, and ice is unstable at high latitudes when 8 ! 40°. Consequently, total accumulation rate is determined by loss of water from a high-or midlatitude reservoir; this water must precipitate near the equator. More detailed meteorological processes will undoubtedly affect the exact distribution of accumulation on the ice-sheet, but for the present modelling this is a detail.
[12] The role of the planetary regolith as a store for ice and conduit for water vapor is neglected. The regolith sink saturates on Myr timescales, leaving the surface as the only long-term sink for water ice [Mischna, 2004] . A permeable Tharsis regolith could allow ice sheet recharge of the circum-Chryse flood channels [Harrison and Grimm, 2004] .
[13] The annual ablation rate outside the accumulation zone is set to be constant, but this approximation is permissible for our purposes as computed ice-stream location is fairly insensitive to variations in ablation rate (compare Figures 2b and 2e) . Surface temperature is parameterized by an annually-averaged temperature at datum elevation (218 K or 228 K) that brackets GCM output, and a mean lower atmosphere lapse rate of À2.5 K km À1 , the value measured by the Viking Orbiters [Zurek et al., 1992] .
[ Meur and Huybrechts, 1996] ). This time constant is partly determined by the size of the terrestrial ice-sheets to which it applies; our ice-sheet turns out to be of comparable breadth to Quaternary terrestrial ice-sheets. Orbiting radar shows negligible flexural subsidence beneath the present day polar caps [Plaut et al., 2007] .
[15] Additional ice-stream motion due to sliding lubricated by basal melt is not explicitly modelled, because flow velocities depend on unknown past bed conditions. Rapid sliding creates additional heating which increases basal melting, so ignoring sliding is a conservative assumption if one seeks to demonstrate the existence of ice streams. The initial conditions are ice-free, and the ice-sheet models are run for 1 Myr, bringing the ice sheet close to equilibrium.
Model Results
[16] In keeping with the accumulation distribution prescribed by the GCM, the initial accumulation area is principally on the western flank of Tharsis, with a smaller accumulation area on the eastern flank. As the ice builds up, the margin expands into the ablation zone. Initially the basal temperature q (b) is well below the pressure-melting point, and ice viscosity is consequently high, with little flow apart from down the flanks of Olympus Mons. As ice accumulates on and between the Tharsis Montes and Olympus Mons, the basal temperature increases through insulation by the thickening overlying ice and frictional heating, the viscosity in the basal ice decreases, and NW-trending downslope flow moves the ice into the ablation zone through the NSVs. The ice thickens sufficiently to overtop the inter-trough lobes. East of the Tharsis Montes, flow velocities are very small, and ice does not extend far beyond the accumulation zone. For the models discussed here, steady state mean ice sheet thickness is in the range 3 -4.5 km, and the breadth is $3 Â 10 3 km. Adjusting the melting-point for pressure-dependency makes little difference to the results. For the case Q = 22 mW.m À2 with a rigid lithosphere (typical of present day heat flow estimates), basal melting only occurs in small patches >200 km from the edge of the ice sheet (Figure 2c ). With Q = 33 mW.m
À2
(appropriate for the Early Amazonian or Late Hesperian) basal melting occurs in all of the Northwestern Slope Valleys, which are tributary to a $9 Â 10 5 km 2 warm-based ice lobe extending north. A much smaller ($1 Â 10 5 km 2 ) warm-based region is predicted north of Olympus Mons (Figure 2b) .
[17] When Q = 44 mW.m 2 , corresponding to the Noachian or perhaps to more recent convective overturn episodes [Scott and Wilson, 2003] , the equilibrium ice sheet has very widespread basal melting, with wet-based ice encircling Olympus Mons. Note that present-day topography may not be a good approximation to the Noachian topography of West Tharsis, even at the coarse scale of the GCM grid. Ice sheet volumes at equilibrium range from 2.5-5.4 Â 10 7 km 3 , and basal melting does not begin in the NSV region until 1 -2 Â 10 7 km 3 ice has accumulated. Allowing flexure has similar effects to increasing surface temperature by the product of lapse rate and the mean subsidence. In both cases, the warmer ice-sheet surface leads to more extensive basal melting. Whereas an enhanced greenhouse effect (i.e., a 10 K surface temperature increase) reduces ice volume by 10%, allowing flexure has little effect on steady ice volume. With flexure permitted at Q = 22 mW.m À2 , the contiguous area of basal melting in the NSVs is 6 Â 10 5 km 2 , rising to >1 Â 10 6 km 2 at Q = 33 mW.m À2 (Figure 2d ). [18] In the terrestrial analogue landsystems, fast-flowing ice has greatly enhanced pre-Pleistocene topography, by broadening river valleys and preferentially depositing till on lobe tops. To test for the importance of this topographic enhancement, the MFF was backstripped by detrending NSV topography and truncating the lobes near their bases. Basal melting is still confined to the troughs.
Discussion and Conclusions
[19] If GCMs are a good guide to the ancient distribution of ice on Mars, the requirement for basal melting to have taken place during the final episode of ice stream activity in the NSVs constrains lithospheric heat flux and volatile inventory at that time. A low heat flux requires a sufficient amount of planetary surface volatiles to provide the ice thicknesses necessary for basal melting. The model shows that streaming in a H 2 O ice sheet requires >10 7 km 3 ice to be transferred to the equatorial region. This lower limit might be reduced by adding additional factors to the icesheet model, such as a firn layer with low thermal conductivity (raising q (b) ), sliding (leading to faster computed discharges), or formation of methane clathrate [McMenamin and McGill, 2006] (lowering the melting point, inducing streaming). The combined volume of the polar layered deposits on Mars today is $3 Â 10 6 km 3 , probably insufficient to allow streaming in equatorial ice-sheets during high-obliquity episodes during the present epoch.
In contrast, during the Hesperian, freezing and sublimation over 10 5 -10 6 a [Kreslavsky and Head, 2002] of $2.3 Â 10 7 km 3 water debouched into the northern plains from the circum-Chryse channels [Carr and Head, 2003] could have readily sourced the required ice volumes.
[20] The formation of dusty lag deposits in the highlatitude water source region is not considered. We have assumed that polar ice sublimes rapidly at high obliquity, and delivery of water ice to the equatorial regions is limited only by the vapour transport capacity of the atmosphere. If an impermeable lag deposit acts as an effective diffusion barrier, vapour transport is instead limited by aeolian deflation and impact exhumation of sub-lag ice [Mischna and Richardson, 2005] . Better understanding of vapour diffusion through lag [e.g. Hudson et al., 2007] would allow this constraint to be relaxed. As a sensitivity test, the accumulation and ablation rates were reduced by factors of 2 and 4 (with correspondingly longer model integration periods). The slower ice flow rates out of the accumulation zone lower the shear heating, and the area of basal melt in the NSVs is reduced but not eliminated (Figure 2f ).
[21] MFF photogeology is dominated by evidence of aeolian deflation, and inner scarps within the westernmost NSV indicate modification by floodwaters, probably sourced from Mangala Valles. Because the upper MFF significantly postdates NSV formation, this result is compatible with the ice-stream hypothesis.
[22] The ice stream hypothesis can be tested further. If a thick ice carapace overlay the study region for a substantial fraction of its history, the size-frequency distribution of craters would be modified, with small craters underrepresented. Detailed geological mapping [Zimbelman, 2006] should reveal periglacial and glacial landforms and landsystems. Smaller MFF lobes W of the NSV region host esker networks (e.g. THEMIS frame V0587001), indicating basal melting. If the MFF lobes have volatile-rich cores [Head and Kreslavsky, 2001 ], these may be detected by the 15-25 MHz SHAllow RADar (SHARAD) aboard the Mars Reconnaissance Orbiter. A growing ice sheet alters local topography, albedo and thermal inertia. Although the computational expense of coupling an ice sheet model to a GCM is prohibitive, a climate model of intermediate complexity should be used to explore the feedbacks between ice accumulation and climate at high obliquity.
[23] Since West Tharsis is the major equatorial locus of high obliquity ice precipitation, the results indicate that the NSVs are the most favored location for ice streaming on high obliquity Mars. For the range of lithospheric heat flows calculated for the Hesperian and Amazonian, ice sheets are cold-based on the lobe tops and wet-based in the troughs. As only warm-based ice has significant erosive power, this supports the inference that ice streams shaped the NSVs.
